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ABSTRACT

Photocatalytic oxidative disinfection (POD) towards pathogenic bacteria has become a popular approach in
public health due to its environmentally friendly antimicrobial capabilities. However, this approach is still
limited by inherent fast electron-hole recombination within photocatalysts and poor interactions between bac-
terial cells and photogenerated reactive oxygen species (ROS) at the biointerface. Particularly, those ROS with
extremely short migration distances cannot reach the bacterial cells before they deteriorate into less potent or
neutral species, resulting in reduced antibacterial activities. By far, these phenomena are still poorly understood.
Inspired by the fact that bacterial cells are negatively charged, we rationally designed a photocatalyst (i.e., g-
C3N4/MIL-125-NHy) by coating a layer of positively charged quaternary ammonium compound (QAC) polymer
onto the surface to enhance its affinity towards bacterial cells via electrostatic attractions. This surface-
modulated photocatalyst is denoted as QAC@g-C3N4/MIL-125-NH,. The visualization and quantification of the
electrostatic interactions between the bacterial cells and the QAC@g-C3N4/MIL-125-NHy photocatalyst were
conducted using a confocal laser scanning microscope and atomic force microscope, respectively. The results
showed that the positively charged QAC layer did promote the bacteria-photocatalyst contact via electrostatic
attractions. Due to the cooperative effects of bacterial cell adhesion and ROS generation, the POD performance of
the photocatalyst is significantly enhanced. Notably, the photocatalyst achieves 3.20 logs of inactivation effi-
ciency for Staphylococcus epidermidis within 60 min under visible light irradiation. This work provides insights
into a mechanistic understanding of bacterial adhesion and disinfection at the biointerface and sheds light on
rational photocatalyst design with surface charge modulation for antibacterial applications.

1. Introduction

environmental biocontamination will result in an increased risk of sec-
ondary transmission [10]. Therefore, efficient disinfection in the envi-

The ongoing COVID-19 pandemic, caused by a new human corona-
virus (SARS-CoV-2), has posed a severe threat to human health [1-3].
Besides SARS-CoV-2, many other pathogenic microorganisms are also
devastating to humans. Pathogenic bacteria, for instance, infect millions
of people and kill over one million people every year, which results in a
heavy burden on the social economy and public health [4-6]. Patho-
genic bacteria are typically transmitted via direct and indirect modes. In
direct transmission, the pathogenic bacteria are transferred from a
reservoir to a susceptible host by direct contact or droplet spread [7]. By
indirect transmission, people are infected by the bio-contaminants in the
environment, such as airborne particles, food, water, and fomites
(contaminated surfaces) [3,8,9]. Converging evidence shows that
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ronment is essential to decrease the spread of pathogenic bacterial
transmission and thus assure the safety of public health [8,11-16].
Photocatalytic oxidative disinfection (POD) is receiving considerable
attention as it uses light to generate various reactive oxygen species
(ROS) to eradicate pathogenic bacteria [15-19]. To be specific, the light
in the POD system can excite the charge carriers (e.g., electrons) on the
surface of the photocatalyst which then react with surrounding water or
oxygen molecules to produce reactive ROS.* Superoxide (-03), hy-
droxyl radical (OH), hydrogen peroxide (H20), and singlet oxygen
(102) are commonly known ROS, which cause extensive damage to most
macromolecules in bacterial cells including protein, DNA, and lipids
[14,17,20-31]. To improve the POD performance of photocatalysts,

Received 15 August 2022; Received in revised form 17 October 2022; Accepted 18 October 2022

Available online 22 October 2022
1385-8947/© 2022 Elsevier B.V. All rights reserved.


mailto:wnwang@vcu.edu
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2022.139956
https://doi.org/10.1016/j.cej.2022.139956
https://doi.org/10.1016/j.cej.2022.139956
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.139956&domain=pdf

Z. Zhu et al.

extensive research efforts have been put into the design of photo-
catalysts to address a major issue in photocatalysis, which is the inherent
fast electron-hole recombination rates [32-35]. Among various strate-
gies, constructing a heterojunction structure by combining two semi-
conductors with proper band alignments is a popular approach to
promote charge transfer and thus improve ROS generation
[17,33,36,37]. Some examples of such photocatalysts are g-C3N4/TiOq,
g-C3sNy/metal-organic framework (MOF), and TiO/Cuy0 [32,35,38].
However, most such photocatalysts demonstrated limited improvements
in the POD performance probably because the photogenerated ROS with
short lifespans at the catalyst surface cannot immediately reach the
bacterial cells before they degrade into less potent species, which makes
the bactericidal efficacy depends only on the overall ROS concentration
in the system [31]. Due to the complex reactions in the POD, the dy-
namic evolution of ROS diffusion and the cellular-level understanding of
interactions between bacterial cells and ROS, especially for those with
extremely short lifespans, are still lacking and not considered in the
materials design. These factors are important because the utilization of
ROS affects bactericidal efficacy profoundly [39,40].

In a POD system, ROS are generated on the surface of the photo-
catalyst, and they typically have short half-life times (t;,2) and migra-
tion distances (1) [31,41]. Specifically, OH, -Og, 10,, and H,0, have
half-life times of 1 ps, 1-4 ps, 1-4 ps, and 1 ms with migration distances
of 1 nm, 30 nm, 30 nm, and 1 pm, respectively [42]. For example, OH
radicals only affect bacterial cells located a few nanometers (A\og = 1
nm) from their generation sites. Given the extremely short half-life time
(t1/2 =1 ps), OH species are unlikely to reach cells and cause damage to
biomolecules in most cases [28]. Even though OH is 100-fold more
potent than H,04 and-O3, the antimicrobial capability is not fully uti-
lized, which limits the overall photocatalytic bactericidal efficacy
[28,43]. Moreover, the movement of bacterial cells in the aqueous POD
system is generally unpredictable [44]. The poor affinity of bacterial
cells to the photocatalyst surface will result in slow photocatalytic
disinfection rates [39]. For example, bacterial cells are negatively
charged due to the abundant carboxylic and phosphate groups in the cell
wall [45-47]. However, most metal oxide-based photocatalysts (e.g.,
TiO3) also carry negative charges in neutral pH due to the hydroxide
anions (OH") on the surface [47]. The same negative charges create
electrostatic repulsion at the biointerface, leading to a decreased bac-
terial cell adhesion on the photocatalyst. In this case, photocatalytic
disinfection depends only on ROS diffusion and penetration into bac-
terial cells [48]. Therefore, to further boost the photocatalytic perfor-
mance, shortening the distance between bacterial cells and
photocatalyst is a reasonable approach. But how can we promote the
bacteria-photocatalyst contact in the POD system?

The well-established extended Derjaguin-Landau-Verwey-Overbeek
(XDLVO) theory can be used to investigate the interactions between a
bacterial cell and a surface [49,50]. The total adhesion force (Fup) is
expressed as follows: [49].

Faan = Fraw + Fe + Fap (€D)

where F,qy is the classical van der Waals force, F, is the electrostatic
force, and F,p is the acid-base (AB) interaction force. If F,4, has an
overall positive value, namely, the attractive forces overweigh repulsive
forces, the contact between bacterial cells and material surface pro-
ceeds, and vice versa. F,qy is generally attractive regardless of the types
of bacteria and materials. Fxp can be either attractive or repulsive
depending on the environment, bacteria, and the surface chemistry of
materials. But Fup is only effective in a short-range (i.e., within 1 nm)
due to the electron acceptor/electron donor interactions between polar
moieties in polar media (e.g., water) [49,51]. Therefore, the interaction
in a longer range is governed by the overall effects of F,qy and F..
Fortunately, in the natural water system, almost all bacteria are nega-
tively charged. This gives the chance to modulate a positively charged
surface to attract bacterial cells with electrostatic effects [45-47], which
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is expected to endow the photocatalyst with more efficient photo-
catalytic antibacterial activities [39,52].

In this study, we aim to quantify the dynamic interactions between
bacterial cells and the photocatalyst at a cellular level and to further
unravel the role of these interactions in the enhancement of POD per-
formance. To achieve these goals, we designed a hybrid photocatalyst by
coating a layer of positively charged quaternary ammonium compound
(QAC) polymer onto the surface of g-C3N4/MIL-125-NH; composite. The
final product is termed “QAC@g-C3N4/MIL-125-NHy”. The bare photo-
catalyst g-C3N4/MIL-125-NHj; is composed of two components: g-C3Ny is
a two-dimension (2D) material comprising small sheets with wrinkles,
while MIL-125-NH; refers to a titanium (Ti)-based MOF, a class of highly
porous materials constructed by metal ions and organic ligands. Both g-
CsN4 and MIL-125-NH;, are popular visible-light responsive photo-
catalysts [18,34,53]. The rational design of g-C3N4/MIL-125-NH; het-
erojunction promotes charge separation and transfer, thus, improving
the photocatalytic activity [32,54]. Moreover, the layer of positively
charged QAC polymer coated on the surface is another critical compo-
nent. Not only because the QAC, a well-known broad-spectrum bacte-
ricidal agent, can destroy bacterial membranes via electrostatic
interaction [55,56], but more importantly, this positively charged layer
can attract the negatively charged bacterial cells to the surface and
shorten the distance between the ROS and bacterial cells, which will
help make full use of ROS during photocatalysis reactions. As expected,
compared to the bare photocatalyst, QAC@g-C3N4/MIL-125-NHy
demonstrated significantly improved photocatalytic antibacterial per-
formance, achieving 3.20 log inactivation efficiency in 60 min for a
representative bacterium, S. epidermidis. Systematic material charac-
terization and biological experiments were carried out to reveal the
cooperative photocatalytic antibacterial behaviors caused by the posi-
tively charged QAC layer and the g-C3N4/MIL-125-NHj; heterojunction.
Particularly, we used an atomic force microscope (AFM), a powerful tool
to quantify the force-distance relationships between QAC@g-C3N4/MIL-
125-NH, and bacterial cells. A remarkable enhancement in adhesion
force of 972 pN was observed between QAC@g-C3N4/MIL-125-NHy
modified cantilever tip and bacteria, while only 115 pN adhesion force
was detected between unmodified reference tip and bacteria. The results
again confirm that positive charge modulation on the MOF-based cata-
lyst facilitates bacterial adhesion on the photocatalyst surface. The
outcomes of this work provide insights into a mechanistic understanding
of bacterial adhesion and disinfection at the biointerface and shed light
on rational photocatalyst design with surface charge modulation for
antibacterial applications.

2. Experimental
2.1. Preparation of photocatalysts

The bare photocatalyst g-C3N4/MIL-125-NHj is fabricated via a sol-
vothermal method, where the pre-synthesized g-C3N4 was suspended in
the precursor of MIL-125-NH,. The mixture was then subjected to heat
treatment in a 100 mL Teflon-lined steel autoclave reactor at 150 °C for
15 h [33]. For QAC coating, the monomer 2-(dimethyl decyl ammo-
nium) ethyl methacrylate (QDMAEMA) was polymerized and grafted on
the surface of g-C3N4/MIL-125-NH, through the classical atomic transfer
radical polymerization (ATRP) approach [45] to obtain the final prod-
uct, which is denoted as QAC@g-C3N4/MIL-125-NH,. The schematic
preparation route for QAC@g-C3N4/MIL-125-NH; is shown in Fig. 1a.
The details on the chemical information and material synthesis can be
seen in Supporting information 1 (SI 1).

2.2. Material characterization
The chemical functional groups were examined by a Fourier trans-

form infrared (FT-IR) spectrometer (Nicolet iS50, Thermo Scientific).
The crystallinity of the materials was determined by powder X-ray
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Fig. 1. Schematic preparation route for QAC@g-C3N4/MIL-125-NH, (a); FT-IR spectra (b) and PXRD patterns (c) of the materials.

diffraction (PXRD, PANalytical X Pert Pro MPD). Morphologies of the
materials were observed by scanning electron microscopy (SEM, Su-70,
Hitachi) and transmission electron microscopy (TEM, JEM-F200, JOEL).
Element mapping was conducted using energy disperse spectroscopy
(EDS). The N adsorption-desorption experiments were carried out
using Autosorb iQ (Quantachrome Instrument). The surface area was
calculated based on the Brunauer-Emmett-Teller (BET) theory [57].
The desorption data were used to determine the pore-size distribution by
using the Barret-Joyner-Halender (BJH) method [58]. Thermal stability
and components of the samples were determined by thermogravimetric
analysis (TGA) (TGA Q500, TA Instruments) under a nitrogen flow
environment. The optical properties of the samples were investigated by
a UV-visible (UV-vis) spectrometer (Evolution 220, ThermoFisher). The
surface charge of the materials was examined by a zeta potential
analyzer (Zetasizer Nano ZS, Malvern Instruments Ltd.). The electronic
state of the elements within the materials was analyzed by X-ray
photoelectron spectroscopy (XPS, PHI VersaProbe III Scanning XPS

Microprobe). The fluorescence images were obtained by the Zeiss Axi-
overt 200 M fluorescence microscope. Water contact angles (WCA) were
measured by a goniometer (OCA 15, DataPhysics).

2.3. Photocatalytic disinfection

Staphylococcus epidermidis ATCC 14,990 (S. epidermidis) was used as
the model bacterium. S. epidermidis cells were cultured in a medium
containing 5 g peptone/L and 3 g meat extract/L at 37 °C for 18 h to
yield a cell concentration of ~ 10° CFU/mL [59]. Then, S. epidermidis
was washed with the sterilized phosphate-buffered saline (PBS) (pH =
7.4) by centrifugation (4000 rpm for 10 min). The final bacterial con-
centration for bactericidal experiments was adjusted to ~ 107 CFU/mL
using the PBS bulffer.

Typically, 1.5 mg photocatalyst was added into a quartz cuvette
containing a 3 mL bacterial solution (~107 CFU/mL). The bacterial cells
and photocatalysts were sufficiently mixed at room temperature and
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irradiated under the simulated solar light at an intensity of 100 mW/
cm?. The Xe lamp (450 W, Newport Corporation) was equipped with a
water filter to remove unwanted IR light, as well as an ultraviolet (UV)
cut-off filter (390 nm, Edmund Optics) to limit the lethal UV exposure to
the bacterial cells. After exposure to the light at various periods (15-60
min), a 100 uL mixture was pipetted out. The bacterial concentration
was determined by the standard plate counting method. The agar plates
containing the collected bacterial cells with a series of dilutions were
incubated at 37 °C overnight for enumeration. The control experiments
were conducted without light irradiation in the same situations. The
bacterial inactivation efficiency (E) was calculated by the following
equation:

E = logc£ 2
0

where C and Cj are the bacterial CFU of the samples taken at a specific
time and before the light irradiation, respectively.

2.4. ROS determination and measurements

The species of ROS were determined by well-established scavenger
tests [60], where various trapping agents were added to the photo-
reactor during the reaction. Specifically, isopropyl alcohol, catalase, and
p-benzoquinone were used as the scavengers for ¢OH, HyO5, and O3,
respectively [60,61]. To exclude the toxicity effects of the scavenger
agents (e.g., p-benzoquinone) on the bacterial cells, the photocatalytic
experiments were performed in the same situation but with a replace-
ment of Rhodamine B dye [62]. Details of ROS determination and
quantification are provided in SI 2.

2.5. Bacterial staining

The bacterial cells were visualized by a fluorescence microscope.
Specifically, 1 mL bacterial cell suspension was centrifuged and resus-
pended in 100 pL of PBS solution, which was subsequently stained by a
live/dead staining kit (Molecular Probes, Invitrogen). Bacterial cells
with intact cell membranes (live) were stained by SYTO 9 which emits
green fluorescence, whereas the dead bacterial cells with damaged
membranes were stained by propidium iodide (PI), which emits red
fluorescence [45,63].

2.6. AFM measurements

2.6.1. Bacterial immobilization

Bacterial immobilization is important as a small movement during
AFM imaging in a fluid will lead to unstable and even incorrect results
[64]. To firmly fix the bacterial cells on the substrate, the following
treatments were applied [39]. Specifically, the overnight cultured bac-
terial cells were washed three times with PBS with centrifugation at
4000 rpm for 10 min. Then, the collected pellets were resuspended in a
1 mL filter-sterilized PBS solution and treated with 1-ethyl-3-(3dimethy-
laminopropyl) carbodiimide (EDC, 1 mg/mL) and N-hydrox-
ysuccinimide (NHS, 2 mg/mL) for 10 min. After EDC and NHS
treatments, the carboxyl groups on the bacterial surface were converted
into amine-active succinimidyl esters. A drop of the above bacterial
suspension (40 pL) was placed on a poly-L-lysine treated glass slide for
20 min and rinsed with PBS solution sufficiently to remove the loosely
attached bacterial cells. The remaining bacterial cells were immobilized
on the poly-i-lysine coated glass slide.

2.6.2. AFM force-curve measurement in fluid

Force-curve measurements were carried out at room temperature in
PBS solution, using a Dimension Icon AFM (Bruker Corporation) with
the peak force tapping mode (PeakForce-Quantitative Nano-Mechanics).
A tip of SCANAYST-FLUID+ (Bruker) with a spring constant of ~ 0.7 N/
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m was used. Before each measurement, the spring constant and the
deflection sensitivity were calibrated using the “touch calibration”
method. The trig threshold force (peak force setpoint) was set to 2.0 nN
to get enough indentation on the bacterial surface. The scan rate was
adjusted to 1 Hz, and the peak force amplitude was set to 150 nm to
obtain stable force curves. The images were recorded at 128 pixels x 128
pixels with a driving frequency of 1 kHz. Data processing was performed
using the commercial Nanoscope Analysis 2.0 software (Bruker AXS
Corporation). Sixteen pairs of “approach” and “retract” data were
extracted and averaged from the force volume image for further
analysis.

3. Results and discussion
3.1. Materials characterization

The representative samples were first subjected to detailed charac-
terization. As shown in Fig. 1b, characteristic vibrational bands from
both g-C3N4 and MIL-125-NH; can be found in the FT-IR spectrum of
QAC@g-C3N4/MIL-125-NH,. Particularly, a new peak at 1721 cm’l,
which is attributed to the C=O0 stretching vibration of easter groups
from QAC, is observed in QAC@g-C3N4/MIL-125-NHj (see Fig. 1b, grey
area); besides, two additional peaks at 2822 em ! and 2770 cm ™! are
also found in QAC@g-C3N4/MIL-125-NH,, which are assigned to the -N
(CH3)z symmetric and asymmetric vibrations of QAC, respectively
[45,65]. Therefore, it can be concluded that the QAC has been suc-
cessfully grafted onto the g-C3N4/MIL-125-NHj heterostructure via the
ATRP approach. g-C3N4 and MIL-125-NH; in the composites were also
identified by PXRD analysis. For example, MIL-125-NH, in QAC@g-
C3N4/MIL-125-NH;, was confirmed by several characteristic peaks at
6.8°,9.5°, and 11.6°, which are ascribed to the (101), (200), and (211)
crystal planes, respectively [66]. The presence of g-C3N4 is also evi-
denced by its main PXRD peak at 11.1° and 27.7°, corresponding to its
(100) and (002) planes, respectively (see Fig. 1¢) [39].

The morphologies of g-C3N4/MIL-125-NHy and QAC@g-C3N4/MIL-
125-NH, were examined by TEM. As shown in Fig. 2a, the plate-like
crystals of MIL-125-NHy covered by some g-C3N4 nanosheets were
embedded in the wrinkling lamellar structure, which indicates a close
contact between MIL-125-NH> and g-C3Ny4. The interactions between g-
C3Ny4 and MIL-125-NH; in the heterojunction are mainly dominated by
van der Waals forces because both g-C3N4 and 1,4-benzene dicarboxylic
acid ligands in MIL-125-NH; are n-rich structures, which leads to the
strong 7-n interactions through unsaturated (poly)cyclic molecules
[33,67]. This heterogeneous structure of g-C3N4/MIL-125-NH, photo-
catalyst is similar to the previously reported g-C3N4/MOF heterojunction
[33]. Furthermore, a clear lattice fringe of g-C3N4 nanosheets with a d-
spacing of 0.328 nm was determined in the high resolution (HR)-TEM
image of g-C3N4/MIL-125-NH; (see Fig. 2b), which is attributed to the
(002) lattice plane of g-C3Ny. It should be noted that MIL-125-NH, is a
crystalline polymer, which is extremely sensitive to high intensity
electron beams and its structure can be easily damaged during HR-TEM
imaging [68]. To avoid the damage of the structure of MIL-125-NHy, a
low electron voltage of 80 keV was used, which resulted in the image of
dark crystals instead of the fringe lattice (see Fig. 2(a, b)). Based on the
XRD, FT-IR, and TEM analysis, it can be concluded that the hetero-
junction between g-C3N4 and MIL-125-NHj, is constructed [33].

To further confirm the presence of QAC polymer, an EDS mapping
analysis was conducted. The uniform distribution of C, Ti, and Br is
observed in Fig. 2(d-f), where Br is from the initiator molecule (i.e., 2-
bromoisobutyryl bromide) and 1-bromodecane (CHj3(CH2)gCH2Br)
quaternized QAC polymers during the ATRP process. This again in-
dicates that the QAC polymer was successfully coated on the surface of
the heterojunction. Based on the TGA analysis, the weight percentage of
this polymeric QAC layer is determined to be 17.4 % (see SI 4). It should
be noted that the surface hydrophobicity of g-C3N4/MIL-125-NHy was
significantly changed as well because the grafted polymeric QAC layer
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Fig. 2. TEM (a) and HR-TEM (b) images of g-C3N4/MIL-125-NH,; (c) TEM image of QAC@g-C3N4/MIL-125-NH,; (d-f) EDS mapping images of QAC@g-C3N4/MIL-

125-NH,.

contains a long alkyl chain length (n = 8) [65]. As demonstrated in the
insects in Fig. S3(c, d), QAC@g-C3N4/MIL-125-NH; exhibited a hydro-
phobic surface with a WCA of 153°, while g-C3N4/MIL-125-NH, showed
a hydrophilic surface with a WCA of 0°. All the above results once again
confirmed the successful QAC coating on the g-C3N4/MIL-125-NH;
photocatalyst.

3.2. POD performance

The bacterial inactivation experiments were carried out in PBS so-
lution (pH = 7.4) under visible light irradiation. S. epidermidis is selected
as a representative bacterium for POD tests throughout this study. The
UV and IR lights from the Xe lamp were removed (see details in Section
2.3) to ensure the safety of bacteria [69]. The blank experiment with the
light on confirmed the negligible bactericidal activity, compared to the
dark control group (S. epidermidis in the dark without photocatalyst, see
Fig. 3). The bare photocatalyst g-C3N4/MIL-125-NH; also exhibited an
unnoticeable reduction of bacterial cells in the dark, whereas it reaches a
1.5 logs reduction of S. epidermidis under the light irradiation, suggesting
the bactericidal activity is mainly due to the photogenerated ROS in the
solution rather than the toxicity of the catalyst itself. Interestingly, for
QAC@g-C3N4/MIL-125-NH; in the dark, it can achieve a 1.54 logs
reduction of S. epidermis via the contact-killing mechanism due to the
QAC coating [70]. When the light is further applied, a significantly
boosted photocatalytic bactericidal efficiency of 3.2 logs reduction of
S. epidermis was obtained. Therefore, at the biointerface, the photo-
generated ROS and the positively charged QAC layer demonstrate
cooperative antibacterial behaviors, which significantly improve the
overall bactericidal activities. To reveal the mechanism of photo-
catalytic disinfection using QAC@g-C3N4/MIL-125-NH,, an in-depth
analysis is carried out from the following aspects. (i) photocatalytic
performance of g-C3N4/MIL-125-NHy; (ii) charge effects of QAC; and
(iii) bacteria-photocatalyst interactions.

0
-
(&)
o
- T —
S -2- ~—
- S. epidermidis
—— Dark Blank
—— Light Blank h

-3 —A— Light with g-C-NJ/MIL-125-NH, NI
—¥— Dark with QAC@g-CsN./MIL-125-NH. 1
—&— Light with QAC@g-CsN+/MIL-125-NH:

L] L) L) L Ll L)

0 10 20 30 40 50 60
Time (min)

Fig. 3. Time-course of bactericidal activities for S. epidermidis under
different conditions.

3.3. Photocatalytic performance of g-CsN4/MIL-125-NH;

When used alone, either g-C3N4 or MIL-125-NH, suffers from poor
photocatalytic activity because of the fast recombination rate of
electron-hole pairs [34]. The formation of semiconductor hetero-
junctions with an appropriate band alignment is a viable approach to
boost the charge separation and transfer kinetics, which in turn gives to
an enhanced photocatalytic performance of the catalyst [33]. In this
study, g-C3N4/MIL-125-NH; heterojunction was synthesized, serving as
the photocatalyst to generate ROS in POD. To determine the band
structure of g-C3N4/MIL-125-NHj, the method proposed by Kraut et al.
was applied to calculate the band alignment between g-C3N4 and MIL-
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125-NHjy [71]. The core-level energy and upper edge of the valence band
(VB) were obtained from XPS measurements (Fig. 4(a-c)). The bandgaps
were determined from the UV-vis analysis (Fig. 4d). The valence band
offset (VBO) was calculated with the following equation,

VBO = (ER™,. = BN snce) = (B e = ER% ence) = (BNt = Ez"one”)
3)
The conduction band offset (CBO) was determined by:
CBO = BGy_c,n, + VBO — BGyy-125-n1, 4)

where E24k and E?¥  are the core-level energies of bulk g-C3N4 and

'N—core Ti—core

MIL-125-NH,, respectively; E% —  and Eb4 . are the upper edges
of VBs of g-C3N4 and MIL-125-NHy, respectively. Ey 2ot _EEomposte j_
dicates the core-level energy difference in the g-C3N4/MIL-125-NH,
photocatalyst.

With the aforementioned information, an “S-scheme” heterojunction
of g-C3N4/MIL-125-NH, with a precise alignment was mapped out (see
Fig. 4e) [72-74]. In the heterojunction, MIL-125-NHj is the oxidation
photocatalyst (OP) while g-C3N4 is the reduction photocatalyst (RP)
[72]. When the two components come to contact, the electrons in g-C3gNy4
will drift to MIL-125-NH; at the interface, hence g-C3N4 will lose elec-
trons and become positively charged [72]. On the other hand, MIL-125-
NH; will accept electrons and become negatively charged [72]. Natu-
rally, an internal electric field is produced at the interface. When under
light irradiation, the built-in electric field drives the photogenerated
electrons from the conduction band (CB) of MIL-125-NH; to the VB of g-
C3Ny4. Meanwhile, the band edge of MIL-125-NH; bends upward due to
the loss of electrons, but the band edge of g-C3N4 bends downward due
to the accumulation of electrons [75]. The band bending and the
Coulombic attraction between electrons in MIL-125-NH; and holes in g-
C3Ny favors photogenerated electrons charge transfer from the CB of
MIL-125-NH; to the VB of g-C3Ny4. Furthermore, the Coulombic repul-
sion, band bending, and built-in electric field can prevent the electron
transfer from CB of g-C3Ny4 to CB of MIL-125-NH,. Ultimately, the charge
transfer is promoted and those photogenerated electrons and holes are
reserved in the CB of g-C3N4 and VB of MIL-125-NH,, respectively.
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Therefore, this “S-scheme” heterojunction is expected to have better
photocatalytic performance [72].

To determine the ROS species during photosynthesis, a ROS-
scavenger approach was used where various radical scavengers in the
PBS solution along with g-C3N4/MIL-125-NH, [61]. Specifically, iso-
propyl alcohol (IPA, 0.2 mL), catalase (CAT, 10 mM), and p-benzoqui-
none (p-BQ, 33.3 uM) were selected as the scavengers for ¢OH, H20o,
and O3, respectively [61]. Considering the IPA and p-BQ are toxic to
bacterial cells, which will result in errors in the analysis of results [76].
We replace the bacterial cells with a widely used model dye molecule,
Rhodamine B [62]. As shown in SI 2, the photocatalytic degradation
efficiency of Rhodamine B was achieved at 100 %, 100 %, and 9.7 %
with the presence of IPA, CAT, and p-BQ, respectively. Apparently, the
#05 is the most dominant species in the photocatalytic system, as the
addition of the eO3 scavengers (i.e., p-BQ) resulted in negligible pho-
tocatalytic degradation of Rhodamine B. Quantification of eO3 was
carried out using the well-known 2,9-dimethyl-1,10-phenanthroline
(DMP) method. Details on the calibration and measurement of O3
were listed in SI 2. The photocatalytic generated ¢O3 concentration for g-
C3N4/MIL-125-NH; and QAC@g-C3N4/MIL-125-NH; were determined
to be 20.64 uM and 18.34 uM, respectively. Both values are much larger
than either g-C3N4 (2.16 uM) or MIL-125-NH, (14.14 pM), demon-
strating the g-C3N4/MIL-125-NH> heterojunction did improve the pho-
tocatalysis. It should be noted that, after QAC coating, the BET surface
area of QAC@g-C3N4/MIL-125-NH, (546.1 m?/g) is lower than that of g-
C3N4/MIL-125-NH> (1040.1 mz/g) (see SI 5). The reduced specific
surface area is caused by the grafted QAC polymer at the outer surface,
which partially blocks the micropores of MIL-125-NHj, (see Fig. S5(a, ¢))
[77]. Moreover, the peak of micropores from the MIL-125-NH; is
significantly broadened and shifted to a more mesoporous structure in
QAC@g-C3N4/MIL-125-NHj, (see Fig. S5(b, d)). This is because, during
the QAC coating process, g-C3N4/MIL-125-NHy was placed in a mixture
of water and methanol solution containing several corrosive chemicals
(e.g., CuBr and CuBry), which may lead to partial degradation of MIL-
125-NHj; crystals by hydrolysis [78]. Since these micropores inside the
materials are not fully involved in the photocatalytic reactions to pro-
vide active sites [79,80], a negligible difference was observed on eO3
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Fig. 4. XPS valence band and core-level spectra of (a) bulk g-C3Ny, (b) bulk MIL-125-NH,, and (c) g-C3N4/MIL-125-NH, composite; (d) Tauc plots of bulk g-C3N4 and
MIL-125-NHy; (e) schematic illustration of band alignment and charge transfer in g-C3N4/MIL-125-NH, heterojunction.
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level between g-C3N4/MIL-125-NHy; and QAC@g-C3N4/MIL-125-NHo,
indicating that the g-C3N4/MIL-125-NHj heterostructure maintains its
photocatalytic ROS generation even after the QAC modification.

3.4. Surface charges of QAC

Besides photocatalysis, the surface charges of the QAC coating were
also examined. To elucidate the charge distribution of QAC on the
photocatalyst, the near-surface elemental composition of g-CsN4/MIL-
125-NH; and QAC@g-C3N4/MIL-125-NH, were firstly determined by
XPS measurements in the dry state. Fig. 5(a, b) shows the deconvoluted
N1s core level peaks of the samples. Both catalysts have three peaks at
the same binding energies of 398.7 eV, 400.1 eV, and 401.2 eV, which
are assigned to sp?-hybridized nitrogen (C-N=C), sp>-hybridized nitro-
gen in tertiary amine (N-(C)3) and sp>-hybridized nitrogen in secondary
amine (H—N-(C)y), respectively [81]. The additional minor peak at
402.5 eV in QAC@g-C3N4/MIL-125-NH; corresponds to the quaternary
nitrogen from QAC (NRZ), once again indicative of the successful sur-
face attachment of positively charged QAC on the surface [56]. By curve
fitting of the high-resolution N 1 s XPS spectra, the relative area per-
centage of quaternary nitrogen NRj is calculated to be 12.4 %. The
relatively low percentage of quaternary nitrogen on the QAC@g-C3N4/
MIL-125-NH; surface is probably caused by the g-C3N4 nanosheets
wrapping around the composite, which leaves fewer QAC moieties to be
counted within the detection limit of XPS (thickness: 0 ~ 10 nm) [56].

In the POD system, photocatalysts and bacterial cells are in an
aqueous solution. Thus it would be more realistic to investigate the
surface charge of these particles by measuring their Zeta-potentials
(¢-potential) in liquid [82]. As shown in Fig. 5S¢, the variation in sur-
face charge between g-C3N4/MIL-125-NH; and QAC@g-C3N4/MIL-125-
NH; in PBS buffer (pH = 7.4) is more significant as compared to the dry
state. g-C3N4/MIL-125-NH; has a negative {-potential of —-22.7 mV while
QAC@g-C3N4/MIL-125-NHj; has a positive {-potential of 6.65 mV. It is
because this layer of positively-charged QAC coating significantly alters

a g-CsNJ/MIL-125-NH: b QAC@g-CsN+/MIL-125-NH-
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Fig. 5. XPS spectra of N 1 s of (a) g-C3N4/MIL-125-NH, and (b) QAC@g-C3N4/
MIL-125-NH,; (c) zeta potentials of S. epidermidis, g-C3N4/MIL-125-NH,, and
QAC@g-C3N4/MIL-125-NH, in PBS buffer (pH = 7.4).
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the surface charging of the photocatalyst (i.e., g-C3N4/MIL-125-NH>)
from negative to positive. Moreover, S. epidermidis with a {-potential of
—17.1 mV, like most bacterial cells in nature, are negatively charged due
to the rich components of carboxylic and phosphate groups in the cell
wall [45-47]. According to the well-known DLVO theory, which is used
to quantitatively describes the force between charged interfaces in an
aqueous solution, the electrostatic force (Fe)) can be determined with the
following simplified equation: [83,84].

_ 4nR0\0p ®

el £.€0
where R is the apex radius of material 1; 67 and o5 represent the surface
charge density of material 1 and material 2, respectively; Ap is the Debye
length; ¢ is the vacuum permittivity; ¢, is the dielectric permittivity of
the electrolyte; and d is the distance between the two surfaces. There-
fore, the opposite surface charges create a driving force for the elec-
trostatic attraction between the QAC@g-C3N4/MIL-125-NHy (+6.65
mV) and bacterial cells (-17.1 mV) at the biointerface.

To visualize the interactions between the photocatalyst and bacterial
cells caused by the charge modulation, a confocal laser scanning mi-
croscope (CLSM) was used. Specifically, bacterial cells were stained by
the STYO/PI dye, which was visualized along with the materials under
the CLSM observation. Fig. 6 shows S. epidermidis cells interact with g-
C3N4/MIL-125-NH, (Fig. 6(a-c)) and QAC@g-C3N4/MIL-125-NH,
(Fig. 6(d-f)) in dark for 1 h. For g-C3N4/MIL-125-NH; (-22.7 mV), the
S. epidermidis cells are uniformly dispersed along with g-CsN4/MIL-125-
NH,, particles in the PBS solution, but without significant affinity to-
wards the g-CsN4/MIL-125-NHj surface (see Fig. 6a). This is due to the
fact that both S. epidermidis cells and g-C3N4/MIL-125-NH, particles are
negatively charged, which generates a repulsive electrostatic force to
keep each other apart. After 1 h of interaction with g-C3N4/MIL-125-NHj
in the dark, most S. epidermidis cells are alive and emit green fluores-
cence (Fig. 6b), which agrees with the bactericidal activities in Fig. 3.
Moreover, the cell membranes of S. epidermidis are intact after g-C3N4/
MIL-125-NHj treatment as shown in Fig. 6¢, indicating the bare g-C3N4/
MIL-125-NH; causes little impact on the cell structures at the bio-
interface. For QAC@g-C3N4/MIL-125-NHy with a positive {-potential
(+6.65 mV), a strong hetero-aggregation of S. epidermidis cells and
QAC@g-C3N4/MIL-125-NH; particles was observed (see Fig. 6d). After
1 h, most S. epidermidis cells, especially for those located at the bio-
interface (insect in Fig. 6e), are dead and emit red fluorescence [55,56].
Exposed to the strong electrostatic force, the cell membranes are even-
tually destroyed and the cytoplasmatic is spread over the QAC@g-C3N4/
MIL-125-NH; surface (see Fig. 6f). Therefore, this positively charged
QAC layer can not only attract bacterial cells moving towards its surface
but also destroy the cell membranes via the strong electrostatic force.
Interestingly, for those bacterial cells far away from the biointerface,
most of them are still alive and emit green fluorescence (see Fig. 6e),
which is due to the relatively further distance between QAC@g-C3N4/
MIL-125-NH; and bacterial cells dramatically decreasing the electro-
static interactions (see Eq. (5)).

All the above evidence suggests that the positively charged QAC
layer significantly changed the bacterial movement at the biointerface.
To further highlight the importance of bacteria-photocatalyst interac-
tion in the POD activities under light irradiation, we broke down the
POD experiment into “step-by-step” treatment: (i) photocatalytic ROS
generation and (ii) QAC layer contact in the dark (see Fig. 7). Specif-
ically, QAC@g-C3N4/MIL-125-NH, was the first subject to visible light
irradiation to generate the ROS. Then, the bacterial cells were added to
the above suspension, which was kept in the dark for 1 h. As shown in
Fig. 7, the “step-by-step” treatment shows a significantly reduced
bactericidal efficacy, compared to the “combined” POD treatment, and
fewer colonies were found to grow in the agar plate. The less effective
antibacterial property of “step-by-step” treatment is mainly caused by
the following reasons. Under light irradiation, the photocatalytic
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Fig. 6. Optical (a, d), confocal (b, e), and SEM (c, f) images of interactions at the biointerface. Panel (a-c): g-C3N4/MIL-125-NH, interacts with S. epidermidis; Panel

(d-f): QAC@g-C3N4/MIL-125-NH, interacts with S. epidermidis.
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Fig. 7. Schematic diagram of two different approaches of photocatalytic oxidative disinfection of S. epidermidis.

generated -O3 (see SI 2) has a short half-life time of approximately 1 ps
and can be easily degraded into less oxidative species such as HyO,
[27,85]. Due to these facts, the reactive -O3 that generated in the first
cuvette during “step-by-step” treatment cannot be subsequently brought
to the second cuvette containing QAC@g-C3N4/MIL-125-NH; (see
Fig. 7). Therefore, an overall reduced bactericidal efficacy was observed
in “step-by-step” treatment. Taken together, the mechanism of the
positively charged QAC layer promotes photocatalyst-bacteria contact

and thus improves the overall POD performance can be concluded. In
the “combined” treatment (see Fig. 7), the QAC layer helps attract the
negatively charged bacterial cells moving towards the surface of the
photocatalyst and shortens the distance between bacterial cells and the
photocatalyst. When the light is further applied, the photogenerated
short-lived -O3 can efficiently diffuse through the biointerface and be
immediately used for disinfecting bacterial cells that attach on or near
the QAC@g-C3N4/MIL-125-NH, surfaces. Therefore, a boosted POD
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performance is achieved.

3.5. Visualization and quantification of bacteria-photocatalyst
interactions

To further quantify the bacteria-photocatalyst interactions at the
biointerface, the forces between the S. epidermidis cells and QAC@g-
C3Ny4/MIL-125-NH; were investigated via the AFM force spectroscopy in
PBS solution (pH 7.4), as illustrated in Fig. 8a. It should be noted that the
measurement was carried out in the liquid rather than the air because
the capillary forces that arise from the humid coverage of both the
sample and the AFM tip under ambient conditions are significant, which
will lead to errors in force data interpretation [83,86]. In a liquid
environment, these capillary forces are absent [83,87]. For comparison,
the pristine Si probe was functionalized with QAC@g-C3N4/MIL-125-
NH;, particles (Fig. 8 (b, c)) for the AFM measurement. Fig. 8d shows the
peak force error image of the S. epidermidis cells using a pristine AFM Si
probe as the control. The adhesion force mapping was also recorded
with a resolution of 128 x 128 pixels (Fig. 8e). Under the PeakForce
Quantitative Nano-Mechanics (QNM) mode, each pixel contains two
force curves (i.e., approach and retrace). Sixteen randomly collected
pixel data sets were averaged for the force-curve imaging. As shown in
Fig. 8f, the separation in the X axis represents the distance of the AFM Si
probe above the S. epidermidis surface. The force in Y-axis represents the
interactive force between the AFM probe and S. epidermidis cells, where
the positive sign indicates repulsion and vice versa. During the approach,
the interactive force remains zero until the separation distance reaches

a Air

. o
T ’ g
: WQ a e Liquid
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25 nm. At this point, the pre-set 2.0 nN force was applied between the
pristine Si probe and S. epidermidis surface until the separation distance
became zero. The distance of 25 nm is also regarded as the deformation
of the S. epidermidis cells. After the Si probe tip snapped into the bacterial
surface, the system starts to retrace the probe from the contact point to
far away (separation = 300 nm). Typically, the value of the Y-axis at the
lowest point in the retraction is defined as the adhesion force, which is
considered the net effects of van der Waals force, acid-based interaction,
and electrostatic interactions [49]. As shown in the blue line in Fig. 8f, a
minor attractive adhesion force of 115 pN was observed in the trace
process, which indicates the overall adhesion force is attractive. How-
ever, the adhesion force mapping of the S. epidermidis cell and force
curve measured with QAC@g-C3N4/MIL-125-NH, modified Si probe are
quite different (Fig. 8(g-i)). Due to a layer of positively charged QAC
polymer on the surface, the attractive electrostatic effects in QAC@g-
C3N4/MIL-125-NH; were observed much earlier than the bare Si probe
in the approach curve, which starts at a much higher separation distance
from 180 nm (Fig. 8i). Moreover, a significantly increased adhesion
force of 972 pN was also detected in the QAC@g-C3N4/MIL-125-NH;
bacteria retrace curve, which indicates that, compared to the bare Si
probe, the system has to provide larger force to separate the QAC@g-
C3Ny4/MIL-125-NH,, particle and S. epidermidis cells at the biointerface.
The adhesion force data probed by the AFM between QAC@g-C3N4/MIL-
125-NH;, particles and S. epidermidis cells are in good agreement with the
results observed in confocal images. By bridging the gaps between
photocatalyst and bacterial cells at the biointerface, the photo-generated
ROS on the photocatalyst can be fully used to kill the bacterial cells.
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Fig. 8. AFM force measurements between S. epidermidis cells and the photocatalyst. (a) Illustration of the AFM force measurement in PBS solution; SEM images of (b)
the pristine AFM Si probe and (c) the QAC@g-C3N4/MIL-125-NH, coated Si probe; (d,e,f) and (g,h,i) are the peak force error image, adhesion force mapping, and
approach-retract force curves of S. epidermidis cells measured by using the pristine AFM probe and the photocatalyst-coated probe, respectively.
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4. Conclusion

In summary, we have successfully developed a QAC@g-C3N4/MIL-
125-NHj; photocatalyst with a layer of positively charged QAC polymer-
coated outside to improve the photocatalytic bactericidal activity. Ex-
periments demonstrate that the QAC can positively modulate the surface
charge and promote the bacteria-photocatalyst adhesion via electro-
static attraction, thus shortening the distance between photogenerated
ROS and bacterial cells. Due to the effective usage of photogenerated
ROS and bacteria-photocatalyst attraction at the biointerface, the pho-
tocatalytic disinfection performance is significantly improved. The as-
synthesized QAC@g-CsN4/MIL-125-NH, photocatalyst composite
shows 3.20 logs of inactivation efficiency for Gram-positive
(S. epidermidis) bacteria within 60 min under visible light irradiation.
This study also provides a new avenue to strengthen the affinity between
bacterial cells and photocatalyst at the biointerface via electrostatic
attraction for POD applications.
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